Introduction
============

Since the Nobel prizewinning discovery that somatic cells can be reprogrammed to a pluripotent state,[@b1-sccaa-6-019],[@b2-sccaa-6-019] there has been much anticipation that this technology will prove to be of extraordinary value in modeling complex human diseases. For many diseases, it is well known that the combination of a genetic predisposition and various environmental factors synergize to cause the disease. However, the pathophysiology of the disease is often extraordinarily difficult to study, because the cells that are of most relevance are not easily accessible and may be very difficult to maintain in a functional state in vitro. The development of induced pluripotent stem (iPS) cells has opened up a path to solving these problems.[@b3-sccaa-6-019],[@b4-sccaa-6-019] Once the main technological barrier had been breached, ie, the conversion of the differentiated somatic cell to a pluripotent cell, it became evident that this could be used with patients' cells to investigate their disease by derivation of appropriate differentiated cells.[@b5-sccaa-6-019],[@b6-sccaa-6-019] In this review, we take one important neurodegenerative disease, Parkinson's, as the example. For the investigation of this disease and for studies of new therapeutic strategies, the questions are: (1) are there differences in patient-derived cells of a relevant type, dopaminergic neurons, compared to control cells?; (2) can these cells be used to search for new therapies?; and (3) can these cells be used in suitable animal models to recapitulate the disease and the potential therapies for the disease? While many neurological diseases are candidates for cell therapy, Parkinson's disease is a particularly attractive target, because prior studies have shown effectiveness of transplanted tissue in human-patient studies.[@b7-sccaa-6-019]--[@b10-sccaa-6-019]

An important topic is the equivalence of iPS cells and embryonic stem (ES) cells. Early reports suggested that properties of iPS cells might include more restricted differentiation potential than that of ES cells, and a higher tendency for iPS cells to differentiate to the somatic cell of origin of the cells, versus other lineages.[@b11-sccaa-6-019] However, increasing evidence suggests that while iPS cell lines may indeed be variable, careful selection of the cell line for extensive study can allow the use of pluripotent cells that are entirely the equivalent of ES cells.[@b12-sccaa-6-019],[@b13-sccaa-6-019]

The importance of nonhuman primate models
=========================================

Evidently, rodent models are of great importance in any disease study, but they may have considerable limitations ([Table 1](#t1-sccaa-6-019){ref-type="table"}). Nonhuman primates (NHPs) form very valuable models in many situations where rodents are of limited usefulness. Of course, the use of NHPs is certainly not without its problems. They are considerably more expensive to raise and house than rodents, and the relevant basic biology of each species needs to be established; typically, various aspects of NHP biology are less well established than in rodents. On the other hand, when fully implemented, an NHP model may yield sophisticated insights into disease processes that cannot be achieved by using rodents. For example, a genetic susceptibility for a disease may simply not be reproducible in a rodent, or even in human cells introduced into a rodent host. If the patient-specific genetic change could be made in NHP cells, and then those cells are introduced into a syngeneic or autologous NHP host, the model could potentially reveal details of the disease process that go well beyond whatever can be determined in rodents. [Figure 1](#f1-sccaa-6-019){ref-type="fig"} shows a general scheme for the use of iPS cells in neural disease modeling.

NHPs are thought to be ideal for translational research because of their relatedness to humans and their similar physiology, particularly with respect to the central nervous system. Long-term studies of transplanted cell function (\>3 years) will be possible in NHPs, but are impossible in rodents. Within nonhuman primates, the major species that have been extensively used are the rhesus macaque (*Macaca mulatta*), the pigtailed macaque (*M. nemestrina*), the cynomolgus monkey (*M. fascicularis*), and the common marmoset (*Callithrix jacchus*). The marmoset, as a small, short-lived, and rapid-breeding NHP species, has some unique advantages for long-term efficacy and safety studies. In contrast to humans, where uncontrolled environment and many comorbidities are confounding factors, marmosets can be housed in a defined environment and have few known comorbidities.[@b14-sccaa-6-019] A variety of human diseases can potentially be modeled in marmosets.[@b15-sccaa-6-019]--[@b17-sccaa-6-019] Specifically, in the present context, a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced model of Parkinson's disease has been well characterized in this species.[@b18-sccaa-6-019]--[@b20-sccaa-6-019] A stroke model[@b21-sccaa-6-019] has been developed in this species; histological and magnetic resonance imaging brain atlases are available.[@b22-sccaa-6-019] The marmoset genome has been completed,[@b23-sccaa-6-019],[@b24-sccaa-6-019] and the marmoset is the first and so far only primate to have transgenic models that show germ-line transmission.[@b25-sccaa-6-019] A genetic model of Parkinson's disease by overexpression of α-synuclein has been developed in the marmoset.[@b25-sccaa-6-019] Finally, a spinal cord injury model in the marmoset has been used in tests of transplanted human neural stem cells for potential therapeutic effects.[@b26-sccaa-6-019],[@b27-sccaa-6-019]

Development of transplantable neural cell lines
===============================================

For establishing models for both normal neural function and neurological diseases, cells of appropriate lineages must be derived and matured in vitro to a stage suitable for further studies. The last stage of differentiation, to a completely mature cell type, may take place in vivo (following cell transplantation) or in vitro. Transplanting fully mature cells is less likely to give good results, as such cells may be easily damaged, both physically and by the changing environment. A robust form of cell at the transplantable stage should be developed; these cells can be derived in a way that permits their continued proliferation, for extensive and perhaps indefinite periods. In this review, we focus on Parkinson's disease as a target, with dopaminergic neurons as the transplantable cell type and as the cell type for a variety of in vitro studies.

The major problems for transplantable cell-line development
===========================================================

[Figure 2](#f2-sccaa-6-019){ref-type="fig"} illustrates the different issues for cell-line development. In this scenario, it is assumed that pluripotent cells will be used and differentiated to a neural cell line. An alternative to the derivation of iPS cells is the direct reprogramming of differentiated somatic cells to a neural lineage.[@b28-sccaa-6-019],[@b29-sccaa-6-019] Increasingly, this option is being selected as the technique of choice. The complex topic of direct reprogramming to neural cell lineages is beyond the scope of this review, but has been discussed in detail elsewhere.[@b29-sccaa-6-019] Whereas the molecular mechanisms involved in reprogramming to the pluripotent state have partially been elucidated, the molecular circuitry involved in direct reprogramming to neural cells is much less understood. The derivation of neural cells via the iPS cell route has the advantage of versatility, in that once the line is developed, it can be used for the generation of any desired cell type. Additionally, by taking the cells through a recapitulation of embryonic development, we take advantage of known and established pathways of differentiation that have been established by studying early embryos and human embryonic stem cells in culture.[@b30-sccaa-6-019] Some of these advantages are lost when a direct reprogramming method is employed. Moreover, it is possible that forced patterning of the wrong progenitor cells may result in artifacts of unstable neuronal cell lines that cannot survive transplantation or do not give rise to functional neurons in vivo; thereby indicating that to produce the most appropriate differentiated cell populations for further study, bona fide developmental pathways should be followed in the directed differentiation of pluripotent cells.[@b31-sccaa-6-019]

Following the development of satisfactory techniques for the continuous propagation of pluripotent cells, the next step is the commitment of the cells to a desired lineage. In this process, cells are exposed to environmental conditions and mixtures of factors to mimic the early stages of embryogenesis, principally the formation of the neural tube. An important recent conceptual advance is the distinction between late and early patterning.[@b31-sccaa-6-019],[@b32-sccaa-6-019] In late patterning, the early stage of the in vitro differentiation process is the formation of neuroectoderm, presumably the equivalent of neural tube formation, followed by patterning based on exposure to morphogens at a later stage. In early patterning, induction of the neuroectodermal lineage and patterning take place in a single combined step ([Figure 3](#f3-sccaa-6-019){ref-type="fig"}).

In recent studies in this lab, we used a form of early patterning in which a combinatorial approach, using various concentrations of small molecules, was studied in an iterative protocol, the measured outcome being increases in expression of various neural lineage genes ([Figure 4](#f4-sccaa-6-019){ref-type="fig"}). We used drugs and factors that had previously been shown to have roles in this early patterning in combinations of 3-D structures and monolayer cultures. We proposed that the use of an iterative combinatorial approach would improve the efficiency of determining optimized early differentiation protocols. Subsequently, the selective growth of cells of the desired lineages can be used to expand the cell population to a stage that can be used for further in vivo or in vitro studies.[@b34-sccaa-6-019]

Parkinson's disease as a target for cell therapy
================================================

As a consequence of early clinical studies that indicated the promising potential of tissue transplants in Parkinson's disease treatment,[@b7-sccaa-6-019]--[@b10-sccaa-6-019] the idea of using cells as therapy in this disease has gained momentum. As a neurological disease involving a deficit in a limited region of the brain, Parkinson's disease has been considered a more appropriate target for cell therapy than neurological diseases that involve extensive regions of the brain or that involve multiple tissues throughout the body. The prospects for cell therapy in this disease have been extensively reviewed, and will not be covered in detail here. Tests of cells that could be used in Parkinson's disease therapy require suitable animal models in which efficacy and safety can be thoroughly tested. At some point following animal testing, clinical trials can begin, but most workers in the field would be cautious in beginning human trials based on rodent studies only. Thus, as we discuss here, the choice of animal model is critical not only for demonstrating therapeutic effects but also for adequate disease modeling.

Specific approaches for differentiation of pluripotent cells to dopaminergic neurons
====================================================================================

Methods for the derivation of dopaminergic cells from pluripotent cells have comprised a mixture of practical and rational approaches. Practical approaches are based on observations of the effects of such manipulations as the formation of 3-D structures, coculture with various types of nonneural cells, and exposure to various mixes of defined and undefined factors. Rational approaches, as illustrated in [Figure 1](#f1-sccaa-6-019){ref-type="fig"}, are based on known and suspected regulatory pathways involved in stages of embryogenesis and differentiation. Despite the attractiveness of these logical approaches, their effectiveness for any individual pluripotent cell line is still currently unpredictable. In the present context of differentiation to dopaminergic neurons, it has been observed that different pluripotent cell lines have varying potentials for midbrain differentiation.[@b35-sccaa-6-019] Therefore, another general goal for pluripotent cell studies is to determine if all cell lines can be grown under conditions that permit reproducible differentiation to any given desired lineage.

An early practical approach to neural cell-line derivation comprised exposure of pluripotent cells to unidentified factors produced by mesenchymal cells and astrocytes. These factors are collectively termed stromal cell-inducing activity (SDIA), and have been shown to promote neural differentiation generally and dopaminergic neural cell differentiation more specifically.[@b36-sccaa-6-019] In the first report of the derivation of human iPS cells, SDIA was used to promote dopaminergic differentiation.[@b2-sccaa-6-019] Previously, SDIA-promoted differentiation was shown to produce dopaminergic neurons in cynomolgus ES cells[@b37-sccaa-6-019] and rhesus macaque ES cells,[@b38-sccaa-6-019] as well as in human ES cells.[@b39-sccaa-6-019] Marmoset ES and iPS cells can also be differentiated to neural lineages via the SDIA method.[@b40-sccaa-6-019]--[@b42-sccaa-6-019]

In approaches that mimic the stages of early embryogenesis, cells are taken through the stages of neuroectoderm induction, patterning to specific regions of the brain, and then differentiation to more mature cell types. This has been termed recapitulation of ontogeny.[@b30-sccaa-6-019],[@b43-sccaa-6-019] Pluripotent cells readily undergo neuroectoderm differentiation: when they are removed from conditions that maintain pluripotency and are then exposed to a basal supportive medium, they have a strong intrinsic tendency to differentiate to the neural lineage.[@b33-sccaa-6-019],[@b44-sccaa-6-019],[@b45-sccaa-6-019] Intrinsic differentiation may be stimulated by formation of a 3-D structure, or may also occur in a monolayer. In a 3-D structure, neuroectodermal differentiation can be recognized by a characteristic neuroepithelial morphology, and in both 3-D structures and monolayers the differentiation is accompanied by the production of adhesion molecules, particularly N-cadherin.[@b45-sccaa-6-019]--[@b48-sccaa-6-019]

Procedures for late patterning with treatment by fibroblast growth factor (FGF)-8 followed by sonic hedgehog (SHH) were described in mouse ES cells, and then applied to human ES cells,[@b49-sccaa-6-019] although in this type of protocol the efficiency of producing a population of purely dopaminergic neurons is not high. A representative protocol for neuroectodermal differentiation, followed by patterning to derived dopaminergic cells, is as follows.[@b50-sccaa-6-019]

Detached human ES cells formed floating 3-D structures (variously termed aggregates or embryoid bodies) in a simple medium. After about 6 days of suspension culture, the aggregates were plated on a plastic surface. Within the next few days, the cells elongated and lined up radially in distinct columns; these were primitive neuroectodermal cells. The ridges of columnar cells formed rings with a distinct inner lumen, a structure reminiscent of the neural tube. At this stage, these structures were "neural tube-like rosettes" -- definitive neuroectoderm. To caudalize these neuroepithelial cells by addition of morphogens, FGF8 was used for induction of midbrain cells and retinoic acid for induction of midbrain and hindbrain cells. These morphogens resulted in the expression of midbrain and hindbrain markers. In order to generate dopaminergic neurons, the FGF8-induced midbrain progenitors were ventralized by treatment with SHH to produce dopaminergic cells. However, \<10% of cells were positive for tyrosine hydroxylase, a marker for dopaminergic neurons. Thus in this representative protocol, pluripotent cells form rostral types of cells by default, which can be caudalized by morphogens and then further differentiated to midbrain dopaminergic neurons.[@b50-sccaa-6-019]

In a significant advance over such previously employed protocols, rapid neuralization of pluripotent cells by dual-SMAD inhibition was shown to permit a prerosette neural stem cell with dopaminergic and motoneuronal potential.[@b51-sccaa-6-019] Dopaminergic neuronal patterning was initiated with the addition of an SHH agonist on days 5--9, followed by the addition of a mix of other agents to promote dopaminergic neuron maturation. Modifications of this protocol have been made to substitute other small molecules for those originally used.[@b52-sccaa-6-019]--[@b54-sccaa-6-019]

An important conceptual advance was the distinction between early patterning and late-patterning strategies,[@b31-sccaa-6-019] as described earlier ([Figure 3](#f3-sccaa-6-019){ref-type="fig"}). Most of the older differentiation strategies, including many using defined factors, are forms of late patterning, whereas in early patterning, morphogens are applied directly to the pluripotent cells with the aim of directing them to a specific desired neural lineage. In late patterning, there is an initial neuralization (formation of neuroepithelium); once these cultures have been established, the cells are patterned using morphogens relevant for the neurons in question, such as SHH and FGF8 for dopaminergic neurons. However, although the combination of FGF8 and SHH can induce a dopaminergic identity in the differentiating cells, it is not sufficient to restrict the neurons to the midbrain fate.[@b53-sccaa-6-019],[@b55-sccaa-6-019] Midbrain dopaminergic neurons are derived from the midbrain floor plate in normal embryogenesis;[@b56-sccaa-6-019] logically, therefore, in vitro derivation of dopaminergic neurons that would most closely resemble those lost in Parkinson's disease should attempt to mimic this developmental pathway.

Early patterning is initiated directly in the pluripotent cells, in order to control neural progenitor fates. Patterning toward ventral midbrain is efficiently achieved with a high-potency form of SHH or SHH agonists together with GSK3 inhibition. Midbrain progenitor cells are obtained after 9--10 days; these cells will spontaneously form midbrain dopaminergic neurons, either during maturation in vivo following cell transplantation, or when maintained under maturation conditions in vitro. Glycogen synthase kinase (GSK)-3 inhibition, which activates Wnt signaling, induces forebrain, midbrain, and hindbrain differentiation depending on concentrations of GSK3 inhibitor used.[@b31-sccaa-6-019],[@b53-sccaa-6-019],[@b55-sccaa-6-019] In another variation of this approach, GSK3 inhibition was combined with SMAD inhibition and SHH to induce a preneuroepithelial state, required for the floor-plate lineage. Subsequent treatment with SHH, MEK (mitogen-activated protein kinase kinase) inhibitor, and FGF8 produced a high percentage of dopaminergic neurons.[@b57-sccaa-6-019] In adapting this approach for rhesus macaque pluripotent cells, an initial period of GSK3 inhibition and high-level SHH was followed by lower SHH and FGF8.[@b55-sccaa-6-019]

Choice of animal models in Parkinson's disease
==============================================

Following differentiation to a suitable stage for transplantation ([Figure 1](#f1-sccaa-6-019){ref-type="fig"}), dopaminergic neuron precursors may be transplanted into the central nervous system in a rodent or NHP model. In rodents, these studies have typically included a functional assay for dopamine production by the cells; these assays are surrogates for treatment of Parkinson's disease, although many aspects of the disease are not readily produced in rodents.[@b58-sccaa-6-019] In NHPs, a more valid model of Parkinson's disease can be produced.[@b59-sccaa-6-019] In these species, the neurotoxic effects of the agent used to create a Parkinsonian state (MPTP) is very similar to that in humans. The toxic effects on nigrostriatal dopaminergic neurons are similar, and the resultant motor abnormalities resemble those produced by MPTP in humans. The MPTP model in the rhesus macaque has also been used in tests of gene therapy, as well as cell therapy.[@b60-sccaa-6-019]

In experimental cell therapy, various combinations of species of dopaminergic cell and species of host animal have been used: rodent cells to rodent host; human or NHP cells to rodent host; and human or NHP cells to NHP host. Here, we focus on human and NHP cells in rodent and NHP hosts. As many of these combinations create a xenogeneic transplant, differences in results from cross-species and within-species transplants are factors to be considered in interpreting the results. Other considerations are that even a very small population of surviving dopaminergic cells appears to be able to induce functional changes in animal models of Parkinson's disease, and this may involve multiple mechanisms; moreover, the degree of functional improvement does not always seem to correlate with the number of implanted cells.[@b61-sccaa-6-019]--[@b63-sccaa-6-019]

When transplanted in rat Parkinson's models, dopaminergic neurons that have been derived from human ES cells survive and function. The most frequently used rat model comprises transplantation of the cells to the 6-hydroxydopamine-lesioned striatum. Dopaminergic neurons in the substantia nigra (SN) project to the striatum. Therefore, transplantation of cells into the striatum may overcome a deficit of dopamine in this brain region, but transplantation of neurons into the SN, together with subsequent reestablishment of appropriate connections to the striatum, would represent a true reversal of the experimental damage. When successful, animals exhibit recovery of locomotive function and behavioral improvement. Ideally, the improvement correlates with the survival of dopaminergic neurons with midbrain characteristics, which should exhibit mature features and an absence of cell division in vivo.

In pioneering experiments, pluripotent human cells were differentiated by coculture with SDIA-producing cells, and were shown to survive and function in rat models.[@b39-sccaa-6-019],[@b64-sccaa-6-019]--[@b66-sccaa-6-019] Similarly, more defined methodology involving differentiation without exposure to SDIA also produced transplantable and functional dopaminergic neurons.[@b67-sccaa-6-019],[@b68-sccaa-6-019] Following the development of SHH/FGF8-based patterning, further studies showed that dopaminergic neurons formed by these protocols function in rat models.[@b69-sccaa-6-019]--[@b71-sccaa-6-019] Protocols based on rapid differentiation and early patterning of human pluripotent cells also produce functional dopaminergic neurons.[@b32-sccaa-6-019],[@b53-sccaa-6-019]

Dopaminergic neurons derived from human iPS cells also survive and integrate in a Parkinson's disease rat model;[@b72-sccaa-6-019] moreover, neurons can be differentiated from iPS cells derived from Parkinson's disease patients, and these cells are functional in a rat model.[@b73-sccaa-6-019] In another approach, the transplanted dopaminergic neurons were differentiated from human iPS cells that had been derived by a protein-based reprogramming method.[@b74-sccaa-6-019] Additionally, cells derived from NHP iPS cells also survive and function in rat models.[@b75-sccaa-6-019]

Following experiments on transplantation of dopaminergic neurons into rodent models, cells derived from human and NHP embryonic stem cells were transplanted into NHPs. In studies to date, these experiments have comprised the transplantation of cells from control subjects (humans and NHPs), and do not yet include transplants of cells derived from human patients with known genetic defects or cells derived from transgenic NHPs. Moreover, only a few studies, mentioned below, involved the transplantation of neurons to the SN, the nucleus that is affected in Parkinson's disease. In 2005, pioneering studies showed that dopaminergic neurons derived from cynomolgus monkey ES cells survived and functioned at 14 weeks following transplantation in adult male cynomolgus monkeys previously treated with MPTP. The neurological scores of the grafted monkeys improved in comparison with those of sham-operated controls.[@b76-sccaa-6-019] Subsequently, in another NHP Parkinson's disease model, in African green monkeys (*Chlorocebus sabaeus*), dopaminergic neurons derived from human ES cells were shown to improve symptoms when injected into the SN.[@b62-sccaa-6-019] The same NHP species has also been used in studies of human neural stem cells not derived from a pluripotent stem cell source.[@b77-sccaa-6-019]

Subsequently, dopaminergic neurons derived from human iPS cells, differentiated under feeder-free and serum-free conditions, were shown to survive in MPTP-lesioned cynomolgus monkeys for 6 months.[@b78-sccaa-6-019] Several studies have also shown the use of MPTP model of Parkinson's disease in the rhesus macaque. Dopaminergic neurons derived from human ES and iPS cells by the floor plate-based differentiation protocol survived for \>1 month following transplantation.[@b53-sccaa-6-019] Dopaminergic neurons from human ES cells have also been transplanted into the SN.[@b79-sccaa-6-019] In a further advance, prolonged maturation of neurons in culture favored a reduction in tumorigenicity in human ES cell-derived neurons.[@b80-sccaa-6-019] Most significantly, the first study of dopaminergic neurons derived from autologous cells has been reported in this species.[@b81-sccaa-6-019] In this study, iPS cells were first derived from skin fibroblasts, and were later differentiated to dopaminergic neurons by exposure to SHH/FGF8. MPTP-lesioned monkeys received magnetic resonance image-guided stereotactic cell injections into the SN and the striatum. The neural progenitors survived for up to 6 months and differentiated into neurons, astrocytes, and myelinating oligodendrocytes in the brain. The potential importance of derivation via the floor-plate route is suggested by a study in which neurons derived from human ES cells via a modified late-patterning strategy survived transplantation into the SN of African green monkeys, but expected features of dopaminergic neurons were not observed.[@b82-sccaa-6-019] In another variation of autologous cell transplantation, forced expression of Notch intracellular domain in cynomolgus monkey mesenchymal stem cells was used to derive dopaminergic neurons, which were autologously transplanted in MPTP-lesioned animals.[@b83-sccaa-6-019] The monkeys showed improvement in a clinical rating score and improvement in a hand-reach test. Although this procedure uses bone marrow mesenchymal stem cells as the starting material, this provides a possible route from pluripotent cells, which can be differentiated to mesenchymal stem cells. However, currently it is not known whether MSC-derived neurons have all the features of pluripotent cell-derived neurons that have undergone a differentiation process that mimics embryogenesis in the central nervous system.

Studying patients' disease via creation of iPS cells and derivation of dopaminergic neurons
===========================================================================================

Parkinson's disease is an example of an important neurological condition, which like many such diseases comprises a small number of patients with genetic causes and a much larger number with the disease in which there are presumed genetic influences. In those patients, it is hypothesized that the cause of the disease is the exposure of dopaminergic neurons to environmental or endogenous toxins, and that a genetic susceptibility to these toxins, which may be widespread or universal, creates a higher probability of contracting the disease. Specific genes already determined to be involved in human Parkinson's disease include *LRRK2*, *PARK2*, *DJ1*, *PINK1*, *ATP13A2*, *SNCA*, and *GBA*.[@b84-sccaa-6-019]

When iPS cells are derived from patients with a known mutation, they can be used to derive neurons for fundamental studies of the phenotype conferred by the mutation, and for translational studies such as screening drugs for efficacy in correcting the disease phenotype.[@b85-sccaa-6-019],[@b86-sccaa-6-019] A pioneering study involved the derivation of iPS cells, and subsequently of motor neurons, from patients with amyotrophic lateral sclerosis.[@b87-sccaa-6-019]

The first studies of iPS cells and iPS cell-derived neurons in Parkinson's disease were in patients without known disease-causing mutations.[@b5-sccaa-6-019],[@b6-sccaa-6-019],[@b73-sccaa-6-019] Subsequently iPS cells were formed from patients with mutations in *PINK1*[@b88-sccaa-6-019] and from patients with a triplication of the *SNCA* gene, encoding α-synuclein.[@b89-sccaa-6-019] Significantly, in neurons derived from iPS cells from patients with mutations in *LRRK2*, various differences from control cells were observed, including an increased susceptibility to oxidative stress.[@b90-sccaa-6-019]

In a recent tour de force experiment, the gene defect in cells from a patient with a genetic cause of Parkinson's disease was corrected by zinc-finger nuclease (ZFN) technology.[@b91-sccaa-6-019] First, iPS cells were derived from a patient with the G2019S mutation in *LRRK2*. The mutation, in the defective allele, was then corrected in the iPS cells by nucleofection of ZFN constructs targeting *LRRK2*. Interestingly, ZFNs were also used to introduce the G2019S mutation into one of the *LRRK2* loci in a control iPS cell line from a healthy individual. Dopaminergic neurons were then derived from the iPS cells. Several aspects of the phenotype of this mutation, including neurite shortening, sensitivity to neurotoxins and oxidative stress, aberrant autophagy, changes in Tau, and enhanced α-synuclein aggregation, were corrected by the ZFN strategy.[@b91-sccaa-6-019]

As outstanding as these recent studies are, they nevertheless may not be able to elucidate the genetic influences on the disease that are manifest only when the cells are in situ in the central nervous system. Some possible approaches to this issue are to knock in the disease-causing mutation in the mouse, but this might not reveal aspects of the phenotype that are specific to primates.[@b92-sccaa-6-019] Therefore, a novel strategy for disease modeling is to reproduce the essential features of the human disease in an NHP model. A possible but complex approach is to generate a transgenic or knock-in model, but in primates this is far from routine. To date, one disease-relevant marmoset model has been generated with overexpression of α-synuclein.[@b25-sccaa-6-019] Another transgenic model in the rhesus monkey was successful in transgene expression, but failed to achieve germ-line transmission.[@b93-sccaa-6-019] However, disease modeling with iPS cells provides a more readily achievable, although still not straightforward, method for studying the phenotype associated with genotypes in Parkinson's or in other diseases. In a primate model, the disease-associated genotype can be introduced into the iPS cells by gene targeting, as illustrated by the introduction of the G2019S mutation into one of the *LRRK2* loci in control human iPS cells.[@b91-sccaa-6-019] Following the drug-induced neurological deficit in the NHP, the modified cells can be introduced into the animal for comparison with an animal treated with control cells. Of course, the technical difficulties associated with this should not be underestimated. In the case of recessive genes, both copies of the gene or regulatory sequence would need to be replaced. Nevertheless, when this protocol is fully implemented, it will give the most complete picture of the role of the genetic change in the disease phenotype. Of course, an alternative is to use cells derived from human iPS cells in the NHP model, but the cross-species differences, although less than human--rodent differences, may still cause problems of interpretation. These xenogeneic transplants may also require suppression of immune rejection, and to what extent such suppression of a xenogeneic immune response might affect the outcome is unknown. It will be very informative to have sufficient evidence to base a decision on whether implanting human-derived cells in the NHP brain is adequate for disease modeling, or if a more exact phenocopy of the disease is obtained with cells of the same species or possibly even the same individual animal.
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![Scheme for development and use of disease-specific induced pluripotent stem cells.\
**Notes:** A somatic cell type, such as skin fibroblasts, from human patients or from animal models, is reprogrammed to induced pluripotent stem cells. Directed differentiation is used to derive stem/progenitor cells and finally fully differentiated cells in vitro. The diagram illustrates the basic principle underlying protocols that aim for efficient and rational differentiation of pluripotent cells. A typical differentiation protocol goes through multiple stages, attempting to mimic embryonic development by using molecules to stimulate the pathways that are required, while using the same or other molecules to block unwanted differentiation to other pathways at each stage. In this diagram, intermediate cell populations are termed "stem/progenitor cells," although they may not directly correspond to any population of cells found in actual tissues in vivo, either in the embryo or the adult. At the end of the process illustrated here, the aim is to have a population of cells that are suitable for cell therapy or for other purposes. The characterization of the differentiated cells in vitro enables the analysis of the phenotype of cells derived from patients with known genetic diseases or genetic changes, and screening for disease mechanisms and small-molecule therapies in cells from such patients. Human cells can be transplanted into model species for various aspects of disease modeling. When cells are derived from a model animal species, such as the marmoset illustrated here, they can be transplanted back into the same host species, enabling novel aspects of disease modeling.](sccaa-6-019Fig1){#f1-sccaa-6-019}

![An overview of the different issues that must be solved for the successful development of cell lines from pluripotent cells.](sccaa-6-019Fig2){#f2-sccaa-6-019}

![Differentiation of pluripotent cells to neural cells and then to dopaminergic neurons.\
**Notes:** In late patterning, an early induction of neuroectoderm is followed by patterning to specific neural cell types. In early patterning, both the induction and patterning are combined in a single early step. Variations in the induction step in both late and early patterning include the formation of 3-D structures (aggregates or embryoid bodies), as well as treatments of monolayer cells. Formation of 3-D structures may take advantage of the intrinsic tendency of pluripotent cells to differentiate to neural lineages (so-called self formation of layered neural structures[@b33-sccaa-6-019]). Diagram adapted with permission from Kirkeby A, Parmar M. Building authentic midbrain dopaminergic neurons for stem cells -- lessons from development. *Transl Neurosci*. 2012;3:314--319.[@b31-sccaa-6-019]\
**Abbreviations:** ES, embryonic stem; iPS, induced pluripotent stem; SHH, sonic hedgehog.](sccaa-6-019Fig3){#f3-sccaa-6-019}

![Combinatorial small-molecule approach to early neural patterning for creation of neural cell lines.\
**Notes:** A cyclical process for optimizing differentiation protocols that use combinations of multiple small-molecule drugs or protein factors is shown. In this process, combinations of chemicals/factors are iteratively tested with respect to a desired outcome, ie, the level of differentiation, as assessed by suitable markers. At each round, the outcome is assessed, and a new base combination is selected to begin the new round. The "winner" combination in each round is chosen according to a hill-climbing algorithm. This depends on simultaneous rather than sequential optimization of the drug combinations. The inset panel shows an example of differentiation of marmoset induced pluripotent stem (iPS) cells in a 6-day exposure to drugs/factors. Adapted from Farnsworth et al.[@b34-sccaa-6-019]](sccaa-6-019Fig4){#f4-sccaa-6-019}
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Some major differences between primates and rodents that are relevant to the topic of this review

  Significant differences between primates and rodents
  ----------------------------------------------------------------------------------------------------------------------------------------
  1\. Pluripotent cells (embryonic stem cells and iPS cells) are at a different developmental stage in primates and rodents.
  2\. Conditions for pluripotent growth in culture are different.
  3\. Strategies for neural differentiation from pluripotent cells are different.
  4\. The central nervous system of primates is substantially more complex than that of rodents, and some circuitry is different.
  5\. Behavioral tests and tests of learning and memory are limited in rodents in comparison to tests that can be performed in primates.
  6\. Some drugs and toxins act in primates and not in rodents, and vice versa.
  7\. Differences in the immune-system reaction to pathogens.

**Notes:** Because of the significant differences between primates and rodents, nonhuman primate models have an important role in the development of patient-specific induced pluripotent stem (iPS) cells for neurological disease modeling.
